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proportional  to  8  ■  (M2-l)l/2,  Behind  the  band  the  Interaction  length 
Increases  proportional  to  6  whereas  the  minimum  pressure  coefficient  Is 
Inversely  proportional  to  82.  The  tape  band  results  enabled  the  correlation 
formulas  to  be  extended  to  Include  the  effect  of  band  height. 

Correlations  of  the  pressure  distributions  on  the  cylinder  In  front  of, 
and  behind  the  band  has  lead  to  estimates  of  the  drag  on  practical  projectile 
configurations  at  supersonic  Mach  numbers. 
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INTRODUCTION 


\ 

The  objective  of  this  report  Is  to  describe  the  results  from  a  series  of 
supersonic  wind  tunnel  tests  designed  to  measure  the  pressure  distribution  In 
front  of,  as  well  as  behind  a  ring  protuberance  (of  the  order  of  the  boundary 
layer  thickness)  on  an  axl symmetric  body.  In  principle,  the  construction  of 
such  a  model  Is  straight  forward.  However,  there  are  practical  limitations  on 
the  resolution  of  the  pressure  distribution  which  can  be  obtained;  particu¬ 
larly  with  small  models.  In  order  to  Increase  the  detail  observed,  an  attempt 
has  been  made  here  to  measure  the  pressure  distribution  using  a  few  fixed 
pressure  orifices  located  In  front  of  and  behind  a  movable  band.  The  band's 
range  of  positions  are  all  located  In  a  nearly  constant  pressure  region  on  the 
basic  model.  Therefore,  It  can  be  assumed  that  the  boundary  layer  thickness 
varies  only  slightly  over  the  region  of  the  band  positions.  It  was  expected 
that  the  pressures  Induced  by  the  protuberance  would  be  effected  only  In  a 
secondary  way  by  the  changing  position  of  the  band.  Thus  It  Is  also  an  objec¬ 
tive  of  this  work  to  assess  the  validity  of  this  assumption. 

The  flow  over  a  protuberance  is  a  fundamental  and  difficult  problem  In 
fluid  mechanics.  It  Involves  the  strong  Interaction  of  separated  flow  regions 
ahead  of  and  behind  the  obstacle,  as  well  as  the  viscous  and  Invlscld  flow 
fields.  The  most  frequently  occurring  situation  Involves  separation  of  a  tur¬ 
bulent  boundary  layer.  Therefore,  data  on  this  type  of  flow  provides  a  valu¬ 
able  test  case  for  turbulent  flow  prediction  techniques.  ^Jhe  sharp  changes  In 
pressure  gradient  In  this  case  serves  to  test  whether  aHurbulent  flow  model 
responds  correctly  to  rapidly  changing  conditions.  In  addition  to  the  funda¬ 
mental  problem.  It  Is  also  a  practical  problem  for  mlssllth.and  projectile 
designers  where  proturbances  such  as  rotating  bands  of  artillery  projectiles 
are  Introduced  for  non-aerodynamlc  reasons. 

Some  of  the  existing  Information  on  the  rotating  band  problem  for  artil¬ 
lery  shell  has  been  summerlted  In  Reference  1  and  2.  Young  and  Patterson3 
have  reviewed  existing  data  on  aircraft  excrescence  drag.  An  Important  funda¬ 
mental  paper  on  two-dimensional  separated  flow  Is  that  of  Chapman,  et  al.1*  The 
present  work  extends  their  experimental  data  to  that  of  axlsymmetrlc  geometry 
and  concentrates  on  the  conditions  produced  by  proturbances  which  are  of  the 
same  order  or  smaller  than  the  boundary  layer  thickness. 

This  project  was  Initiated  as  a  student  project  by  K.  L.  Palko  and  the 
Mach  Number  2.25  data  presented  here  are  from  that  work.* 


II.  EXPERIMENT 

The  following  section  describes  the  details  of  the  experimental  procedure 
and  the  data  reduction  technique  employed. 

1.  WIND  TUNNEL  MODEL 

The  model  used  In  these  tests  was  made  at  the  University  of  Delaware.  It 
consists  of  an  aluminum  cone  of  13.1*  half  angle,  followed  by  a  brass  circular 
cylinder  as  shown  In  Figure  1.  Five  pressure  orifices  were  provided  on  the 
model  located  as  shown  In  the  figure.  Copper  tubing,  0.762mm  Id  with  0. 381mm 
wall  thickness,  were  soldered  to  the  cylinder.  Plastic  tubing  connected  the 
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copper  tubing  In  the  model  with  the  scanivalve  outside  the  wind  tunnel  by 
passing  through  the  sting  and  model  support. 

A  transition  trip  ring  of  0.381mm  diameter  wire  was  installed  on  the  nose 
2.54cm  from  the  tip. 

A  ring  to  simulate  the  effect  of  a  rotating  band  was  made  of  brass  with 
an  Inside  diameter  which  matched  the  outside  diameter  of  the  cylinder.  The 
band  can  be  positioned  at  any  point  on  the  cylinder  from  the  first  wall  tap  to 
the  base.  It  Is  held  In  place  by  a  set  screw  180°  around  the  model  from  the 
pressure  orifices.  In  order  to  provide  enough  thickness  for  the  threads  of  the 
set  screw,  a  key  was  machined  on  the  Inside  of  the  band  which  moved  In  a 
groove  on  the  underside  of  the  cylinder.  In  order  to  prevent  disturbances 
originating  from  the  key-way  from  disturbing  the  flow  on  the  test  surface,  the 
key-way  was  filled  with  wax  after  setting  of  the  band.  Even  with  these  pre¬ 
cautions  weak  waves  can  be  seen  In  schlleren  photographs  coming  from  the 
Imperfect  wax  surface  but  none  of  these  waves  can  be  seen  on  the  top  of  the 
cylinder  where  the  pressures  were  measured. 

One  concern  Is  the  possibility  that  the  high  pressure  ahead  of  the  band 
could  force  air  under  the  band  and  Into  the  low  pressure  separated  region 
behind.  Wax  was  carefully  worked  Into  the  cylinder-band  junction  either  ahead 
or  behind  the  band  depending  on  whether  the  pressure  ahead  or  behind  was  of 
primary  Interest  for  that  run.  Comparison  of  results  with  and  without  this 
procedure  showed  no  effect  of  the  seal. 

After  completion  of  the  movable  band  tests,  the  brass  band  was  removed 
and  a  series  of  tests  using  a  metal  tape  band  of  various  thicknesses  was 
undertaken.  The  tape  used  consists  of  0.127mm  thickness,  commercial  aluminum 
tape  with  an  adhesive  backing.  The  primary  series  of  experiments  Involved  band 
widths  of  approximately  2.2cm,  located  so  that  the  leading  edge  of  the  tape 
was  located  at  the  trailing  edge  of  tap  3  and  the  trailing  edge  of  the  tape 
was  at  the  leading  edge  of  tap  4.  By  Increasing  the  number  of  layers  of  tape, 
band  thicknesses  In  the  range  of  0.127  to  1.143mm  were  achieved. 

2.  WINO  TUNNEL 

The  experiments  were  performed  In  the  U.S.  Army  Chemical  Research  Devel¬ 
opment  and  Engineering  Center's  supersonic  wind  tunnel.  This  is  a  movable 
block,  asymmetric  nozzle,  blow  down  facility  with  a  capability  In  Mach  number 
from  1.7  to  3.5.  The  lower  limit  in  Mach  number  for  these  tests  of  2.25  was 
dictated  by  the  model  length  and  reflected  shock  waves  from  the  tunnel  walls. 
The  test  section  Is  15.24cm  x  15.24cm  in  cross  section  and  45.72cm  In  length. 

3.  INSTRUMENTS 

The  model  wall  static  pressures  and  the  tunnel  wall  pressures  were 
measured  using  a  diaphragm-strain  gauge  transducer  with  a  range  of  t  172  kPa. 
The  reference  pressure  was  atmospheric.  A  48  port  Scanlvalve  sampled  each  of 
the  six  static  pressures  at  a  rate  of  0.5  seconds  per  point.  The  output  of  the 
transducer  was  recorded  on  a  three  channel  strip  chart  recorder  calibrated  to 
give  a  linear  sensitivity  of  0.69  kPa  per  chart  division.  The  resulting 
reading  accuracy  of  the  static  pressures  Is  estimated  as  +  0.14  kPa. 
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The  tunnel  stagnation  pressure  was  monitored  with  another  strain-gauge 
transducer  with  a  range  of  0  to  1380  kPa  gauge  referenced  to  atmospheric  pres¬ 
sure.  The  output  was  also  recorded  on  a  channel  of  the  strip-chart  recorder. 
The  output  of  the  transducer  was  calibrated  against  a  standard  test  gauge.  The 
recorder  sensitivity  was  set  at  27.6  kPa/dlvIsion  for  the  Mach  number  3.00  and 

3.50  runs  where  the  nominal  stagnation  pressures  were  620  and  900  kPa  gauge 
respectively.  A  sensitivity  of  13.8  kPa/dlvIsion  was  used  for  the  Mach  number 

2.50  case  (Pt  ■  410  kPa  gauge).  The  reading  accuracy  of  the  stagnation  pres¬ 
sure  was  approximately  +  3.5  kPa.  The  stagnation  pressure  varied  continuously 
during  each  run,  particularly  following  the  start  of  the  tunnel.  Data  were 
read  only  after  the  Initial  transient  had  decayed. 

The  simultaneous  recording  of  the  static  pressures  and  stagnation  pres¬ 
sure  on  the  same  recorder  permitted  determining  a  stagnation  pressure  for  each 
static  pressure  measurement  and  these  simultaneous  readings  were  used  In  the 
data  reduction. 

Of  considerable  concern  was  the  measurement  of  the  rotating  band  posi¬ 
tion.  The  technique  employed  consisted  of  Inserting  a  0.762mm  diameter  drill 
bit  Into  the  pressure  tap  of  primary  Interest  and  using  machlnest  gauge  blocks 
between  the  drill  and  the  band  to  set  the  position  to  within  +  0.025mm. 

4.  DATA  REDUCTION 

The  data  described  here  were  obtained  In  a  two  dimensional  movable  block 
wind  tunnel.  The  Mach  number  In  such  a  facility  Is  easily  changed  by  trans¬ 
lation  of  the  lower  nozzle  block  so  as  to  reduce  or  Increase  the  throat 
area.  The  problem  with  this  kind  of  wind  tunnel  Is  that  It  Is  difficult  to 
Insure  that  the  Mach  number  Is  exactly  the  same  from  run  to  run.  Experience 
Indicates  that  the  Mach  number  repeatability  Is  within  approximately  one  to 
two  per  cent  in  this  tunnel.  This  Is  only  a  particular  problem  when  the  dif¬ 
ference  of  pressure  coefficients  are  taken  between  different  runs. 

To  compensate  for  the  variation  In  Mach  number,  M,.,  the  tunnel  wall  pres¬ 
sure,  Pws  ,  was  monitored  for  each  run.  The  tunnel  wall  pressure  port  was  lo¬ 
cated  ahead  of  and  In  a  region  unaffected  by  the  model.  The  wall  static  pres¬ 
sure,  however,  did  not  read  the  correct  free-stream  static  pressure.  The 
measurements  showed  a  consistent  4  to  5  percent  higher  pressure.  Thus  the 
changes  In  wall  static  pressure  were  used  to  Indicate  the  change  In  nominal 
Mach  number  rather  than  use  It  to  determine  Mach  number  directly. 

The  calibrated  nozzle  block  positioning  system  was  employed  to  set  a 
nominal  Mach  number,  Mn.  It  was  assumed  that  the  average  of  the  ratio  of  wall 
static  to  stagnation  pressure,  <Pws/Pt>,  from  all  the  same  nominal  Mach  number 
runs  corresponds  to  nominal  Mach  number,  that  Is,  the  variation  In  actual  Mach 
number,  M„,  from  run  to  run  Is  random.  Thus  M„  for  each  Individual  run  Is 

determined  from: 


M„  -  Mn  +  K[<Pws/Pt>-Pws/Pt] 


(1) 
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where  K  Is: 


K  -  aMJSfPJPt) 


(2) 


and  Is  evaluated  using  Isentroplc  formulas. 

The  difference  In  Cp  from  two  different  runs  can  be  correctly  formed  only 
If  the  Mach  numbers  of  the  two  cases  are  the  same.  If  the  Cp's  are  signifi¬ 
cantly  different,  the  small  variation  In  M„  produces  correspondingly  small 

scatter  In  the  results  but  when  the  Cp's  are  nearly  Identical  (as  they  are  at 
large  distances  from  the  band)  the  difference  In  M,.  produces  systematic  devi¬ 
ations  of  the  data  from  zero.  To  reduce  this  problem  the  ACp's  are  calculated 
using: 


ACp  -  Cp  -Cpo  -  (Pw  -  Pwo)/(0.5'rPJl£)  (3) 


where  Pw,  P,.,  and  are  the  wall  pressure,  free-stream  static  pressure  and 

test  Mach  number  respectively.  P„  Is  evaluated  from  the  measured  stagnation 
pressure  and  M^  so  that: 


ACp 


y  4 

7  M- 


(4) 


The  no-band  P'  was  obtained  at  a  different  Mach  number  M'  and  Its  value  was 

adjusted  to  correspond  to  M,,.  This  Is  done  by  assuming  that  the  wall  static 

pressure  on  the  cylinder  without  the  band  is  essentially  the  tunnel  static 
pressure  so  that: 
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Finally  the  Cp  Is  calculated  from  the  following  equation: 
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III.  RESULTS 

In  the  following  discussion  of  results,  six  aspects  of  the  experiment 
will  be  described:  A.  comparison  of  the  pressure  distributions  obtained  with¬ 
out  the  rotating  band  with  a  Parabolized  Navler-Stokes  code  prediction,  B.  the 
validity  of  the  movable  band  hypothesis  will  be  discussed,  C.  The  effects  of 
Mach  number  on  the  perturbations  to  the  pressure  distribution  caused  by  the 
band  are  considered,  0.  a  general  correlation  of  the  pressure  distribution  is 
evaluated,  E.  the  effect  of  band  height  Is  evaluated  based  on  the  tape  band 
tests,  F.  an  estimate  of  the  band  drag  coefficient  Is  made. 

1.  PRESSURE  DISTRIBUTION  WITHOUT  BAND 

Measured  and  predicted  pressure  coefficients  are  shown  In  figures  2a-c 
for  the  three  nominal  Mach  numbers,  Mn  •  2.50,  3.00,  3.50.  The  solid  lines  In 
these  figures  represent  Parabolized  Navler-Stokes  calculations  for  the  same 
flow  conditions.  In  each  case  the  data  are  In  good  agreement  with  the  predic¬ 
tions,  particularly  at  the  higher  Mach  numbers.  The  slight  discrepancy  Is  of 
the  order  of  216  of  the  dynamic  pressure  which  in  the  case  of  the  Mn  »  2.50 
data  corresponds  to  a  maximum  difference  In  static  pressure  of  9%.  This  depar¬ 
ture  from  the  predicted  pressure  Is  due  to  pressure  waves  generated  by  the 
Imperfect  surface  of  an  access  port  In  the  roof  of  the  wind  tunnel.  This 
observed  deviation  was  repeatable  below  Mn  ■  3. 

The  pressure  coefficients  for  the  cases  without  the  band,  Cpo,  are  listed 
In  Table  1. 


TABLE  1.  Pressure  Coefficients  Without  Band. 


<1 


Tap  No. 

X/D 

Mn  -  2.25 

2.50 

3.00 

3.50 

1 

3.895 

-0.020 

-0.024 

-0.020 

-0.014 

2 

4.398 

-0.014 

-0.010 

-0.014 

-0.009 

3 

4.702 

-0.012 

-0.006 

-0.012 

-0.007 

4 

5.598 

-0.001 

-0.009 

-0.002 

-0.007 

5 

5.899 

-0.009 

-0.004 

-0.002 

-0.010 

The  Navler-Stokes  code  employed  Is  based  on  the  implicit,  space  marching 
finite  difference  algorithm  developed  by  Scbiff  and  Steger.6  The  thin  layer 
equations  are  In  approximate  factorization  form  and  use  a  block  tridiagonal 
technique  to  obtain  the  solution.  A  turbulent  boundary  layer  Is  calculated 
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using  the  Baldwln-Lomax7  algebraic  eddy  viscosity  model.  Because  of  Its  space 
marching  formulation  It  can  not  be  used  to  predict  separated  flows.  It  Is  one 
of  the  objectives  of  this  experiment  to  provide  data  with  which  to  validate 
time  dependent  Navler-Stokes  computations  of  separated  regions  currently  under 
devel opment. 

2.  VALIDITY  OF  THE  MOVABLE  BAND  HYPOTHESIS 

The  basic  assumption  of  these  experiments  Is  that  the  pressure  change 
Induced  by  the  band  depends  primarily  on  the  position  of  the  band  relative  to 
the  pressure  tap.  On  the  cylindrical  part  of  the  model,  where  the  pressure 
gradients  are  small  and  the  boundary  layer  growth  rate  Is  small,  the  band  Is 
expected  to  cause  the  same  change  In  pressure.  Independent  of  band  location. 
The  validity  of  this  Idea  Is  shown  In  Figure  3  and  4  where,  for  each  Mach 
number  tested,  the  change  In  pressure  coefficient,  ACp,  Is  plotted  versus  the 
relative  band  position  (X-Xa)/H. 

Each  figure  contains  data  obtained  from  pressure  taps  1  through  4.  Some 
of  the  experiments  were  performed  by  locating  the  leading  edge  of  the  band  at 
various  distances  behind  either  tap  1,  2  or  3.  These  data  are  shown  In 
Figures  3a-c.  Slmllarlly  the  band  trailing  edge  was  set  at  various  distances 
ahead  of  taps  3  snd  4  to  obtain  the  results  shown  In  Figures  4a-c.  The 
hypothesis  Is  considered  valid  within  the  accuracy  of  the  present  measuring 
techniques  because  all  the  results  at  each  Mach  number  accurately  form  a 
single  curve  Independent  of  the  tap  location  used  to  obtain  the  data. 

3.  EFFECT  OF  MACH  NUMBER  ON  PRESSURE  DISTRIBUTION 

Figure  5  shows  an  example  of  the  change  In  pressure  coefficient  data 
obtained  from  the  current  experiment  at  a  Mach  number  of  2.50  plotted  against 
nondlmenslonal  position  of  each  tap  relative  to  the  leading  edge  of  the  band. 
The  maximum  ACp  at  the  leading  edge  of  the  band,  Xa,  Is  an  estimated  point 
based  on  extrapolation  of  the  distribution  data. 

A  single  observation  of  the  pressures  on  top  of  the  band  Is  shown  In 
Figure  5  which  was  actually  obtained  from  the  tape  band  phase  of  the  exper¬ 
iment.  The  pressure  distributions  were  obtained  with  the  movable  metal  band 
of  H/D  ■  0.040  .  No  provisions  were  made  for  measurement  of  the  pressure  on 
the  band  Itself  In  these  tests.  A  special  single  experiment  was  performed 
using  the  tape  band  (H/D  ■  0.0358)  In  which  the  tape  covered  tap  number  2.  A 
hole,  punctured  through  the  tape,  permitted  tap  2  to  detect  the  pressures  at 
one  point,  (X-Xa)/H  ■  0.69  behind  the  band  leading  edge.  In  each  Mach  number 
case,  the  Cp  on  top  of  the  band  had  returned  to  essentially  the  Cp  obtained 
without  the  band.  It  Is  concluded  that  the  band  width  (more  than  12  band 
heights)  Is  so  large  that  the  pressure  distribution  ahead  of  and  behind  the 
band  are  uneffected  by  conditions  behind  and  ahead  of  the  band  respectively. 
Although  a  single  observation  can  not  provide  conclusive  evidence,  It  suggests 
that  the  effects  of  the  expansion  from  the  high  pressure  on  the  front  face  of 
the  band  Is  confined  to  a  very  short  region  on  the  top  of  the  band  near  Its 
leading  edge. 

Of  considerable  Interest  Is  the  effect  of  Mach  number  on  the  maximum  and 
minimum  ACp  and  the  overall  size  of  the  Interaction  region.  The  maximum  and 
minimum  pressures  were  not  measured  directly  because  the  pressure  orifice 
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dimensions  could  not  be  made  arbitrarily  small  compared  to  the  size  of  the 
band.  It  has  been  assumed  that  the  measurements  represent  average  pressures 
over  the  tap  opening.  The  pressures  are  plotted  In  all  figures  at  an  X  loca¬ 
tion  corresponding  to  the  center  of  the  tap.  The  highest  pressures  measured 
were  obtained  with  the  tap  half  covered  by  the  band  (determined  by  Inserting  a 
0.381mm  drill  bit  Into  the  0.762mm  tap  opening  and  setting  the  band  against 
the  drill  bit).  The  center  of  the  orifice.  In  this  case.  Is  considered  to  be 
0.191mm  from  the  band.  The  pressure  distribution  has  been  extrapolated  to  X  • 
Xa  to  obtain  ACpmax  and  X  -  Xb  for  ACpmin. 

Table  2  contains  the  values  of  ACpmax  and  ACpmin  determined  from  the  data 
obtained  from  these  tests  and  those  of  Reference  5.  Also  contained  In  table  2 
are  the  Interaction  length  La  ahead  of  the  band  and  Lb  behind,  normalized  with 
respect  to  the  band  height,  H.  La  Is  determined  as  the  distance  ahead  of  the 
band  where  the  ACp  Is  0.01,  l.e.,  the  pressure  Increase  relative  to  the  no 
band  case  1$  one  per  cent  of  the  dynamic  pressure.  It  Is  observed  that  La/H  Is 
approximately  constant  over  the  Mach  number  range  tested.  The  average  Is: 


La/H  -  4.8  t  3i  (7) 


although  there  seems  to  be  a  small  but  consistent  trend  toward  a  decreasing  La 
with  Increasing  Mach  number. 

The  downstream  pressure-interaction  region  Is  considerably  larger  and  Is 
seen  to  vary  significantly  with  Mach  number.  The  Interaction  length  Lb  Is  de¬ 
fined  In  a  some  what  different  way  because  of  the  extremely  gradual  pressure 
recovery.  The  determination  of  Lb  based  on  a  percentage  change  In  ACp  would  be 
uncertain  because  of  the  small  slope  of  the  curves  and  the  scatter  In  the 
data.  A  representative  length  has  been  evaluated  by  drawing  straight  lines 
through  the  data  as  shown  In  Figures  4a-c  and  noting  their  Intersection  with 
the  ACp  •  0  line.  The  results  can  be  correlated  as: 


Lb/H  -  5.4  «  B  +  4%  (8) 

where: 

6  -  (Mi-l)O-S  .  (9) 


Linearized  supersonic  flow  theory  predicts  that: 


ACp  -  2(dy/dx)e/8  (10) 


where  (dy/dx)e  Is  the  effective  surface  slope.  This  formula  can  be  used  to 
correlate  the  present  data.  An  effective  boc(y  Is  Imagined  to  replace  the 
recirculation  region  of  the  separated  flow  and  any  displacement  effects  of  the 
viscous  boundary  layer.  In  the  case  of  the  Interaction  region  ahead  of  the 
band,  (dy/dx)e  Is  assumed  to  be  proportional  to  H/La,  so  that: 


ACpmax  x  6  »  0.63  ±  25  . 


(11) 


Behind  the  band  the  effective  slope  Is  found  to  be  proportional  to  H/Lb,  which 
In  this  case  Is  Inversely  proportional  to  Beta.  Thus: 


ACpmln  x  e2  ■  -0.76  t  45. 


(12) 


TABLE  2.  Pressure  Distribution  Parameters. 


Mn 

2.25 

2.50 

3.00 

3.50 

ACpmax 

0.312 

0.280 

0.220 

0.188 

ACpmln 

-0.194 

-0.143 

-0.095 

-0.066 

La/H 

4.96 

4.87 

4.81 

4.67 

Ave  ■ 

4.8  +  35 

Lb/H 

10.2 

12.6 

14.9 

18.4 

Lb/(H*3) 

5.1 

5.5 

5.3 

5.5 

Ave  ■ 

5.4  +  45 

ACpmaxxB 

0.629 

0.641 

0.622 

0.631 

Ave  ■ 

0.631  +  25 

ACpmlnxB* 

-0.788 

-0.751 

-0.760 

-0.743 

Ave  « 

-0.760  +  « 

6 

2.016 

2.291 

2.828 

3.354 

Re  x  10*® 

1.02 

1.23 

1.33 

1.42 

4.  CORRELATION  OF  THE  OVERALL  PRESSURE  DISTRIBUTION 

The  maximum  change  In  pressure  coefficient,  ACpmax,  and  Interaction 
length,  La/H,  for  the  Interaction  region  ahead  of  the  step  have  been  corre¬ 
lated  In  terms  of  Mach  number  and  It  Is  of  Interest  to  Investigate  how  well 
the  entire  Interaction  pressure  distribution  Is  correlated.  Figure  6  shows 
all  the  present  data  plotted  In  terms  of  ACp/ACpmax  versus  (X-Xa)/La.  This 
Indicates  that  the  shape  of  the  dividing  streamline  (an  equivalent  body  for 
the  separated  region)  Is  approximately  the  same  for  the  range  of  conditions 
Investigated  here.  Attempts  have  been  made  to  use  the  equivalent  body  concept 
as  a  means  of  estimating  projectile  pressure  distributions  and  overall 
aerodynamic  characteristics. 1  2 

Behind  the  band  the  situation  Is  more  complicated  and  the  data  plotted  In 
terms  of  ACp/ACpmln  versus  (X-Xb)/Lb  In  Figure  7  provides  a  successful  but 
slightly  poorer  correlation.  The  flow  field  can  be  pictured  as  consisting  of  a 
recirculating  flow  region  Immediately  behind  the  band,  followed  by  reattach¬ 
ment  and  then  a  gradual  recovery  to  a  zero  pressure  gradient  boundary  layer. 
The  length  scale  of  the  entire  Interaction  region  Is  sensitive  to  Mach  number 
as  has  already  been  described.  The  minimum  pressure  coefficient  appears  to  be 
related  to  Lb.  The  reattachment  distance  characterized  by  the  most  significant 
part  of  the  pressure  recovery  Is  also  correlated  by  the  much  larger  overall 
length  scale  Lb. 
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5.  EFFECT  OF  BAND  HEIGHT  ON  MAXIMUM  AND  MINIMUM  PRESSURE  COEFFICIENTS 

In  an  attempt  to  Investigate  the  effect  of  different  band  heights  on  the 
surface  pressures,  various  layers  of  adhesive-backed,  aluminum  tape  were 
wrapped  around  the  model.  Tape  was  placed  on  the  cylindrical  section  so  that 
pressure  tap  3  was  at  the  leading  edge  of  the  tape  and  tap  4  at  the  trailing 
edge.  The  size  of  the  pressure  orifices  lead  to  a  difficulty  In  Interpreting 
these  results.  For  example,  with  a  0.005  Inch  tape  thickness,  the  centerline 
of  tap  3  was  located  0.381mm  ahead  of  the  band  or  3  band  heights.  Examination 
of  Figure  6  shows  that  ACpmax  Is  57%  larger  than  the  value  measured  at  (X- 
Xa)/H  ■  3.  Since  each  band  height  represents  a  result  at  a  different  relative 
distance  In  front  of  the  band,  It  Is  difficult  to  compare  one  data  point  with 
another.  The  data  have  been  adjusted  using  Figure  6  to  give  an  estimate  of 
ACpmax  corresponding  to  (X-Xa)  -  0.  No  correction  has  been  applied  to  the 
data  behind  the  band  except  for  the  0.241mm  band  because,  for  the  larger 
bands,  ACp  Is  essentially  constant  for  (X-Xb)/H  <  2. 

As  has  already  been  described,  ACpmaxx$  and  ACpmlnxg2  are  Independent  of 
Mach  number.  By  plotting  the  data  In  that  form  It  Is  possible  to  emphasize  the 
effect  of  band  height  alone. 

A  correlation  for  the  present  results  can  be  based  on  linearized  super¬ 
sonic  theory.  The  slope  of  the  equivalent  bocjy  can  be  written  as  follows: 


(dy/dx)e  ■  (dy/dx)dsl  +  d6*/dx  (13) 


where  (dy/dx)dsl  Is  the  slope  of  the  dividing  streamline  between  the  recircu¬ 
lating  separated  flow  and  the  detached  boundary  layer.  (d6*/dx)  is  the  dis¬ 
placement  thickness  effect  of  the  detached  boundary  layer.  It  Is  assumed  that: 


and: 


Thus: 


(dy/dx)dsl  -  Cal (H/La) 

(d6*/dx)  -  Ca2(D/La)  . 

ACpmax  x  $  -  2(H/La)[Cal  +  Ca2(D/H)]  . 


(14) 

(15) 

(16) 


For  the  present  data  which  are  essentially  at  constant  Reynolds  number.  Cal 
and  Ca2  are  taken  to  be  constants,  although  It  Is  expected  that  they  may  be 
functions  of  Reynolds  number  and  D/H.  The  D/H  factor  In  the  second  term  on  the 
right  hand  side  accounts  for  the  main  effects  of  height  on  the  ACpmax.  This 
formulation  Is  presumed  valid  for  conditions  where  La/H  Is  constant  which  can 
be  expected  to  fall  If  the  band  becomes  very  small  or  very  large  with  respect 
to  the  undisturbed  boundary  layer. 
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Except  for  the  smallest  band  height,  the  data  for  small  values  of  D/H  are 
well  represented  by  the  formula: 


ACpmax  x  0  -  2(H/La)[1.94  -  0.0097(D/H)]  .  (17) 


As  D/H  becomes  large,  l.e. ,  H  goes  to  zero,  the  disturbance  caused  by  the  band 
should  dlssappear.  Therefore  It  appears  that  the  linear  variation  with  D/K 
should  be  modified  so  that  ACpmax  goes  to  zero  In  a  more  asymptotic  manner. 
Since  the  range  of  conditions  of  primary  Interest  In  ballistics  Is  for  H/D  > 
.01,  a  simple  second  order  term  Is  added  to  the  second  term  on  the  right  hand 
side  which  can  be  justified  by  the  present  data.  The  correlation  equation  can 
be  written: 

ACpmax  *  0  -  2 (H/La)  {1 .94  -  0.0097  [1  -  .002 (0/H) ] (D/H) >  .  (18) 


Figure  8  shows  the  results  when  the  above  correlation  equation  1$  appplled  to 
the  present  data  ahead  of  the  band. 

A  discrepancy  has  been  found  between  the  metal  and  the  tape  band  maximum 
pressures.  The  tape  band  results  Interpolated  to  D/H  ■  25.0  case  are  about  11% 
higher  than  the  ACpmax  values  obtained  using  the  movable  band.  It  Is  not  clear 
what  caused  this  difference.  It  was  observed  that  the  forward  face  of  the  tape 
band  was  considerably  rougher  than  that  of  the  machined  band.  In  building  up  8 
to  10  layers  of  tape.  It  was  Impossible  to  maintain  each  leading  edge  exactly 
over  the  underlying  one.  It  Is  possible  that  this  roughened  surface  Influenced 
the  location  of  the  stagnation  point  and  the  pressure  distribution  on  the 
front  face  of  the  band.  The  rear  edge  of  the  tape  band  was  as  equally  rough  as 
the  front  but  ACpmln  was  found  to  be  only  6%  higher  than  the  metal  band.  In 
terms  of  the  difference  in  pressure  ahead  of,  minus  the  pressure  behind  the 
band,  the  tape  band  data  are  only  5%  higher.  In  the  following  correlation  for¬ 
mulas,  the  higher  tape  band  data  are  used  to  evaluate  the  unknown  constants. 

Another  set  of  experimental  data  on  rotating  band  height  effects  at 
supersonic  speed  Is  that  of  Gorney,  et  al.8  In  his  experiment  two  band  height 
were  tested  (1.016  and  2.032mm  In  height  on  a  57.15mm  diameter  model)  at  Mach 
number  3.02.  The  Reynolds  number  In  this  test  was  5.5  *  10s.  Gorney's  data 
are  Included  In  figure  8  and  provide  conditions  for  estimating  Reynolds  number 
effects  on  the  ACpmax  and  ACpmln.  Gorney's  model  Is  not  the  same  configura¬ 
tion  as  the  present  cone-cylinder.  His  model  was  a  secant -ogive-cylinder  but 
the  band  had  the  same  shape  and  was  located  on  the  cylinder  several  calibers 
from  the  ogive  nose.  There  was  only  one  pressure  tap  In  the  Interaction  region 
ahead  of  the  band  and  one  In  the  Interaction  region  behind  the  band,  the 
current  data  on  the  variation  of  pressure  with  distance  from  the  band  was  used 
to  adjust  the  measured  pressure  to  that  at  Xa.  Assuming  that  Cal  and  Ca2  are 
functions  of  Reynolds  number  raised  to  some  power,  the  following  final  form  of 
the  correlation  equation  is  obtained  as: 


ACpmax  x  0  -  2(H/la)[1.8R°*  17  -  0.009(D/H  -  0.002?(D/H)2)R#*55]  (19) 


where  R  ■  Reynolds  number  based  on  diameter  times  10"®  Note  that  this  equa¬ 
tion  assumes  La/H  >  4.8  Independent  of  Mach  number  and  Reynolds  number, 
although  the  first  function,  R  *  0.17,  may  reflect  a  dependency  of  La  on 
Reynolds  number. 

The  data  behind  the  band  were  analyzed  In  the  same  fashion  as  that  of  the 
data  In  front  and  the  results  are  shown  In  Figure  9.  In  this  case  (dy/dx)dsl 
Is  taken  proportional  to  H/Lb.  The  formula  obtained,  based  on  fitting  the 
present  and  Gorney's  data.  Is: 


ACpmln  *  P2  -  -2(H/Lb)[2.4  -  0.01(D/H  -  0.002(D/H)2)R°*  »*•]  .  (20) 


This  equation  Is  remarkably  similar  to  that  obtained  ahead  of  the  band  except 
for  the  missing  Re  dependence  of  the  first  term  on  the  right  hand  side.  No 
adjustment  was  made  in  Gorney's  iCpmln  to  account  for  the  fact  that  one  of  the 
pressure  orifices  was  3  band  heights  downstream  of  the  band. 

6.  ESTIMATE  OF  THE  DRAG  COEFFICIENT 

The  drag  on  a  small  annular  ring  around  a  body  at  zero  angle  of  attack 
can  be  written  as: 


Db  -  *DH(Pva  -  Pvb) 


(21) 


where  Pva  and  Pvb  are  the  average  pressures  on  the  front  and  back  faces  of  the 
band  respectively.  In  coefficient  form,  this  equation  becomes: 


ACjjb  -  4(H/D)(Cpva  -  Cpvb)  (22) 

which  Is  sometimes  written  as: 

PC0b/(<M)  •  2(Cpva  -  Cpvb)  (23) 


where  d  Is  the  maximum  diameter  of  the  ring  In  calibers,  d  «  (1+2H/0).  In  the 
present  experiment,  only  the  pressures  on  the  cylinder  ahead  of  and  behind  the 
band  were  measured  so  that  just  an  estimate  can  be  made  of  ACpb  based  on  an 

assumed  relationship  between  the  cylindrical  surface  pressures  and  those  on 
the  faces  of  the  band. 

The  pressures  on  the  front  face  of  the  band  are  expected  to  be  higher 
than  the  maximum  pressure  on  the  cylinder.  The  situation  may  be  pictured  In 
terms  of  the  dividing  streamline  separating  from  the  cylinder  with  nearly  zero 
fluid  velocity.  Viscous  forces  produced  by  the  outer  flow  accelerate  the  fluid 
on  the  dividing  streamline  until  the  presence  of  the  band  Is  felt.  The 
dividing  streamline  then  reattaches  to  the  front  face  of  the  ring,  forming  a 
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stagnation  region  near  the  top  of  the  band.  The  pressure  decreases  down  the 
band  and  In  the  upstream  direction  along  the  cylinder.  This  negative  gradient 
provides  the  driving  force  for  the  recirculating  flow.  Using  this  assumed  pic¬ 
ture  of  the  flow,  It  Is  concluded  that  the  maximum  pressure  on  the  cylinder  Is 
a  lower  bound  for  the  pressures  on  the  ring.  Thus,  the  drag  calculated  based 
on  using  this  pressure  as  the  average  on  the  front  of  the  band  Is  a  minimum 
estimate  of  the  contribution  from  the  front  of  the  ring. 

Behind  the  band  the  dividing  streamline  separates  from  the  top  corner  of 
the  band  and  reattaches  on  the  cylinder  several  band  heights  downstream.  The 
reattachment  on  the  cylinder  can  be  seen  as  a  region  of  rapid  Increase  In 
pressure  coefficient.  A  relatively  small  Increase  In  pressure  on  the  rear 
face  of  the  band  drives  the  flow  as  It  approaches  the  separation  point  on 
the  top  of  the  band.  Evidence  for  this  Is  the  relatively  constant  pressure 
coefficient  Immediately  behind  the  band.  Thus  It  Is  concluded  that  the  minimum 
pressure  on  the  cylinder  Is  probably  a  good  estimate  of  the  average  pressure 
on  the  rear  face  of  the  band. 

The  minimum  estimate  of  the  band  drag  coefficient  has  been  calculated 
based  on  the  the  above  assumptions  and  using  the  correlation  equations  for  the 
maximum  and  minimum  pressure  coefficients.  The  results,  as  a  function  of  Mach 
number,  for  a  typical  artillery  shell  at  sea  level  conditions  are  shown  In 
Table  3. 

TABLE  3.  Band  Drag  Coefficient  155mm  Projectile. 


M 

R 

AC0b/(d-l) 

*Db 

^Db^D 

(X) 

1.5 

5.15 

2.63 

0.068 

23 

2.0 

6.88 

1.37 

0.036 

14. 

2.5 

8.59 

0.88 

0.023 

10. 

3.0 

10.31 

0.61 

0.016 

7.6 

3.5 

12.03 

0.43 

0.011 

5.5 

Band  height  ■  0.013  cal. 

Sea  level  atmospheric  conditions 
Cq  Based  on  Reference  9 


It  Is  apparent  that  the  contribution  from  the  band  Increases  significant¬ 
ly  as  the  Mach  number  decreases.  However,  It  should  be  noted  that  the  present 
correlation  equations  are  based  on  linearized  supersonic  theory  which  predicts 
that  the  pressures  approach  Infinity  as  beta  goes  to  zero.  At  transonic  speeds 
this  Mach  number  dependence  will  over  predict  the  drag.  Another  aspect  of  the 
correlation  equations  which  should  be  considered  when  evaluating  projectile 
drag  is  that  the  results  are  sensitive  to  Reynolds  number.  The  Reynolds  number 
dependence  has  been  determined  from  very  sparce  data  at  low  Reynolds  number 
compared  to  the  full  scale  155mm  case.  More  data  are  needed  to  firmly  estab¬ 
lish  the  variation  with  Reynolds  number. 
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An  example  which  better  matches  the  Reynolds  number  conditions  of  the 
equations  Is  that  of  a  20nm  projectile.  The  calculated  results  are  shown  In 
Table  4. 


TABLE  4.  Band  Drag  Coefficient  20mm  Projectile. 


M 

R 

4C0b/(d-l) 

*CDb 

^Ob^D 

(r.) 

1.5 

0.66 

3.32 

0.086 

16.5 

2.0 

0.89 

1.89 

0.049 

10.6 

2.5 

1.10 

1.34 

0.035 

8.8 

3.0 

1.33 

1.05 

0.027 

7.6 

3.5 

1.555 

0.86 

0.022 

7.0 

Band  height  »  0.013  cal. 

Sea  level  atmospheric  conditions 
Cq  data  based  on  Reference  10 


IV.  CONCLUSIONS 

An  experiment  has  been  described  In  which  the  surface  static  pressure 
distribution  on  a  cone-cylinder  model  with  and  without  a  simulated  rotating 
band  have  been  measured.  The  measurements  were  obtained  at  three  Mach  numbers 
(2.5,  3.0,  3.5)  and  at  a  Reynolds  number  of  (1.3±.1)>«106.  Some  results  from 
an  earlier  test  at  M  «  2.25  have  also  been  Included. 

In  order  to  Increase  the  resolution  of  the  pressure  distribution  a  mov¬ 
able  band  was  used  with  just  five  pressure  orifices.  It  has  been  shown  In 
these  tests  that  essentially  the  same  ACp  Is  obtained  at  corresponding  (X- 
Xa)/H  positions  Independent  of  the  actual  location  of  the  band.  Measurement  of 
perturbation  effects  were  made  on  the  cylindrical  section  of  the  model  where 
boundary  layer  growth  and  pressure  gradient  effects  were  small. 

The  pressure  disturbance  caused  by  the  band  has  been  found  to  be  cor¬ 
related  in  terms  of  the  maximum  pressure  coefficient,  aCpmax,  and  a  length 
scale.  La,  ahead  of  the  band  and  a  corresponding  set  of  parameters,  aCpmln  and 
Lb,  behind  the  band.  Under  these  supersonic  conditions,  linearized  supersonic 
theory  Is  shown  to  apply  ahead  of  the  band;  In  that  ACpmax  Is  Inversely  pro¬ 
portional  to  6  (where  6  ■  (M2-l)1'2.  The  length  scale  ahead  of  the  band  Is 
found  to  be  La/H  ■  4.8  Independent  of  Mach  number.  Behind  the  band,  Lb/H  Is  a 
function  of  beta  such  that  Lb/H  »  5.7  *  e.  Given  this  result,  linearized 
theory  predicts  and  the  experiment  confirms  that  4Cpm1n  Is  Inversely 
proportional  to  S2. 

A  second  phase  of  the  experiment  concerned  measurement  of  the  pressure 
changes  caused  by  various  band  thicknesses  which  were  created  by  wrapping 
layers  of  adhesive  backed  metal  tape  to  the  model.  The  correlations  developed 
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In  the  first  phase  of  the  tests  were  used  to  estimate  the  maximum  and  minimum 
pressure  coefficients  from  the  tape  band  results.  These  data  can  be  correlated 
to  show  that: 


aCpmax  x  g  «  2(H/La){Cal  -  Ca2xf(D/H)) 
ACpmln  x  82  ■  2(Hxg/Lb) (Cbl  -  Cb2xf(D/H)) 


where  for  D/H  <  100 


f (D/H)  =  (D/H)  -  0.002(D/H)x2  . 


The  additional  quantities  Cal,  Ca2,  Cbl  and  Cb2  were  evaluated  using  the  pre¬ 
sent  data  and  data  from  a  higher  Reynolds  number  test  of  Reference  7  at  M  • 
3.02  and  ReD  «  5.5  *  106.  It  has  been  found  that  the  constants  are  functions 

of  Reynolds  number.  Accurate  determination  of  the  Reynolds  number  dependancy 
requires  additional  Information  covering  a  wider  range  of  data. 

An  argument  Is  advanced  that  ACpmax  determined  on  the  cylinder  ahead  of 
the  band  under  predicts  the  pressure  on  the  forward  face  of  the  band  but  that 
ACpmln  Is  a  reasonable  estimate  for  the  pressures  on  the  rear  face.  Thus  a 
drag  calculated  on  the  basis  of  the  above  correlations  Is  likely  to  represent 
a  lower  bound  to  the  band  drag.  Such  estimates  of  drag  coefficients  for  the 
155mm  and  20mm  projectiles  have  been  carried  out  and  the  results  show  that  In 
the  Mach  number  range  from  2.0  to  3.5,  the  drag  due  to  a  1.3  per  cent  thick 
band  varies  from  14  to  5.5X  for  the  155mm  shell  and  from  11  to  7%  for  the 
smaller  projectile. 


14 


Perturbation  pressure  distribution 


Figure  6.  Normalized  perturbation  pressure  distribution  ahead  of 
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Cal,  Ca2 

Cbl,  Cb2 

Cp 

Cpo 

D 

Db 

d 

(dy/dx)ds1 

(dy/dx)e 

H 

K 

La 

Lb 

M 

P 

R 

Re 

U 

X 

Xa 

Xb 


Coefficients  In  equation  (16) 

Coefficients  In  equation  (20) 

Pressure  Coefficient  ■  (P-PJ/0.5pU2 

Pressure  Coefficient  without  the  band 

Diameter  of  the  projectile 

Diameter  of  the  band  *  D+2H 

Diameter  of  the  band  In  calibers  ■  1+2H/D 

Slope  of  dividing  streamline 

Slope  of  equivalent  body 

Height  of  band 

Factor  In  equation  (2) 

Pressure  Interaction  length  ahead  of  the  band 
Pressure  Interaction  length  behind  band 
Mach  number 
Pressure 

Re*10"6  (see  equation  (19)) 

Reynolds  number  based  on  projectile  diameter 
Free-stream  velocity 

Position  on  projectile  measured  from  the  tip 
Position  of  the  leading  edge  of  the  band 
Position  of  the  trailing  edge  of  band 


Greek  Symbols 

8  ■  Mach  number  parameter  ■  (M2-l)^2 

6  «  Boundary  layer  displacement  thickness 

ACP  *  Perturbation  pressure  coefficient  -  Cp  ■  Cpo 
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J 
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aCpmax 

* 

Maximum  Cp  ahead  of  the  band 

ACpmln 

« 

Minimum  Cp  behind  band 

*Db 

m 

Drag  coefficient  due  to  the  band 

r 

n 

Ratio  of  specific  heats 

p 

* 

Free-stream  density 

Subscripts 

a 

b 

n 

o 

t 

va 

vb 

w 

MO 

MS 


Ahead  of  band 
Behind  band 

Nomina)  wind  tunnel  conditions 
Without  KBband 

Wind  tunnel  stagnation  conditions 

Average,  front  face  of  band 

Average,  rear  face  of  band 

Model  wall  conditions 

Model  wall  conditions  without  band 

Wind  tunnel  wall  conditions 
Free-stream 
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